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Abstract 
This work presents the results of theoretical and experimental investigation into machining of various materials without the use 
of conventional environmental unfriendly cutting fluids while maintaining keys technological performance parameters of 
machining. In this work, the machining zone was fed with small doses of cutting fluid enclosed in microcapsules. The 
microcapsules were about 0.8 to 30 μm in size and were made of shell impermeable to the cutting fluid.  This study employed 
microcapsules of increased efficacy, which was achieved by introducing in the capsules, magneto-sensitive compound (Fe3O4) 
with particles size of Ĭ 10 nm. Investigation into the effectiveness of machining processes was undertaken using micro-capsules 
and nano-scale composite coating along with carbide and HSS tools with and without nano-scale composite coatings.  
 The cutting performance of the nano-scale composite coating was investigated with associated environmental impact. It was 
shown that the direction of motion of the nano-scale composite coating in the liquid carrier in the immediate cutting zone was 
along the lines of magnetic field, with maximum concentration at the tool tip.  It was revealed that, taking into account the 
dominating magnetic field force (50-120 times) with respect to gravity in nano-scale composite coating, the penetration ability 
nano-scale composite coating into of contact areas of cutting tools increased sharply compared with the specified index of 
standard cutting fluid.  
A comparison of the effectiveness of different cutting processes was carried out in dry cutting, in wet cutting using standard fluid 
and with the application of nano-scale composite coating with a concentration in the aqueous medium from 1.0 to 4.0%.  
Turning, drilling and milling operations were undertaken using coated and uncoated tools made of HSS and tungsten carbide. 
The evaluation of this new technology of nano-scale composite coating as a cutting fluid medium showed that the efficiency of 
machining using nano-scale composite coating was as good as the cutting process with the standard fluids. In addition, it was 
observed that using nano-structured multilayer coatings led to higher efficiency exceeding the effectiveness of machining with 
standard commercial cutting fluids. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 48th CIRP Conference on MANUFACTURING SYSTEMS - CIRP CMS 
2015. 
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1. Introduction 
In modern engineering industries, traditional machining of 
metals by cutting takes a significant share of labour input in 
manufacture of products. The development of this method of 
machining is characterized by increasingly high requirements 
to improvement of process efficiency. For this purpose, new 
effective technological processes are developed, where the 
primary means of improving their efficiency is the use of new 
types of tool materials with wear-resistant coatings different 
in structure, composition, and properties, as well as different 
types of cutting fluids (CFs) characterized by important 
physical properties aimed at reducing thermo-mechanical 
stresses acting on the cutting system (cutting tool, workpiece, 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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machine components, etc.). CFs have a crucial role in solving 
the challenge of improving the efficiency of technological 
processes of machining [1, 2, 4, 5]. 
The development of new technological processes with the 
use of high and ultra-high cutting speeds lead to a sharp 
decrease in the efficiency of CF.  This is due to the reduction 
of its ability to penetrate into the zone of contact interaction of 
tool and machined material, even with abundant supply of CF 
to the machining zone, [2-4]. In addition, the use of CF leads 
to a significant increase in production costs and negative 
industrial impact on the health of operators and the 
environment [1, 7]. In some cases, pollution caused by 
machining processes with CF may exceed the level of 
pollution caused by internal combustion engines.  The cost of 
CFs can be at time higher than the corresponding costs of the 
cutting tools. In particular, such operations as preparation, 
transportation, recovery, and disposal of CF, as well as the 
need for degreasing chips and machined workpieces for 
further use strongly affect the cost of production processes. In 
some cases, the cost of CFs, including indirect cost associated 
with the effects of their negative impact on the environment 
and health of personnel, as well as recycling, comprises up to 
30% of total production costs. Fig.1 [8] illustrates a case of 
automotive industry.  The logical way out of the above is the 
development of new solutions aimed at creating resource 
saving and environmentally friendly technologies of cutting. 
Given the problems associated with the use of CFs, dry 
machining is the most effective solution that can provide an 
optimal balance between economic and environmental objects 
of production. However, to implement feasible and 
economically justified dry machining only through rejecting 
the use of CFs and their physical effects is practically 
impossible [1-7]. Thus, the main purpose of this study is the 
improvement of the environmental and economic 
performance of the blade machining while maintaining the 
basic physical effects of CFs. The study presents the results of 
tests aimed at the development of environmentally friendly 
technology of edge machining based on an integrated 
approach, including the use of micro-doses of CFs as cooling 
medium placed in impermeable magnetic microcapsules and 
cutting tools with nano-structured multilayer composite 
coatings. 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Cost distribution in an car manufacturing plant [8] 
2. Theoretical background 
Microcapsules (MCs) as carriers of various types of 
substances are widely used in chemical industry, medicine, 
and agriculture. In engineering industry, MCs are mainly used 
is pressing [13]; however, the number of studies on the use of 
microcapsules with CFs for edge machining is extremely 
insignificant [13-15]. 
Reasons for restricting the use of MCs in cutting 
operations can be apparently explained by the physical and 
mechanical characteristics of their shells and behaviour of 
MCs in the machining zone during cutting. In particular, MCs 
currently in use are made of gelatin characterized by low 
temperature of degradation (75-80°C), and this fact does not 
allow them approaching the contact pads of the cutting tool by 
the distance necessary for effective action of micro-doses of 
CFs inside the capsules. Furthermore, MCs in liquid media 
have any apparent direction of motion and move randomly. 
This leads to the probabilistic nature of penetration of MCs 
into the contact zones during cutting. All the above reasons 
negate the effectiveness of MCs in cutting, and to obtain 
positive results, the number of MCs is to be increased 
significantly, and that makes the cutting process with the use 
of MCs unprofitable. The tests were carried out to improve 
the efficiency of use of MCs during edge machining, and the 
results of the tests are presented in this study. 
The main object of the tests was represented by 
microcapsules with micro-doses of CFs, each encapsulated in 
a shell of impermeable material (Fig. 2.) MC sizes ranged 
from hundreds of nanometers up to 30-50 μm. To increase the 
efficiency of their action, the composition of MC shell further 
included magneto-sensitive components: Fe3O4 magnetite 
with particle size of Ĭ 10 nm. As a result, magneto-sensitive 
microcapsules (MMCs) were developed. 
The concept of directed motion of MMCs with Fe3O4 
magnetite in their composition is based on the physical 
concept stating that when exposed to magnetic field, 
ferromagnetic particles are oriented along the field and they 
move along the lines of the field. However, the processes 
occurring in the contact zone during cutting (chip separation, 
presence of CF, physical properties of materials, etc.) lead to a 
change in the current intensity. These vibrations cause 
temporary change in the electric field and lead to the 
formation of the alternating electric field in the contact zone. 
At the same time, as a result of deformation and fracture of 
metal (chip formation) the charged particles (ions, 
exoelectrons, radical species, etc.) are continuously emitted to 
the cutting zone.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. General view of the microcapsule 
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The variable electric fields and charged particles, 
according to the Maxwell's theory, lead to the excitation of the 
magnetic fields, the induction of which can vary within a wide 
range. As follows from [4], the acting magnetic force is 
always directed in the area of spatial non-uniformity of the 
magnetic field, where the output of magnetic field lines is 
concentrated at its maximum. With regard to a cutting tool, 
such area is located at the tip of the tool and on its cutting 
edges. 
A number of studies have shown that the current intensity 
for cutting varies from 4.5-5A [5, 7] up to 10A [7]. When 
MCs with CF are being fed in a liquid carrier at a distance of 
3 mm from the cutting tip, the magnetic induction reaches 
B=0.2 mT. Given the relative magnetic permeability of the 
cutting tool (μ = 200-5000), the magnetic induction may 
increase up to 40-1000 mT. The motion of MMCs into the 
contact zone will occur only when the field strength Fm 
acting on MMCs exceeds the force of gravity Fg. When the 
capsule mass m ~ 3.10-12 kg and the magnetic induction is as 
described above, we obtain  
Fm / Fg = Fm / mg Ĭ 49-126                                 (1) 
Thus, the theory shows that the force exerted by the field 
on MMCs is 49-126 times higher than the force of gravity, 
i.e., MMCs will move in the direction of the contact zone 
under the influence of natural electromagnetic fields. 
 
3. Experimental 
3.1.  Methods and results of studies of cutting specifics with 
use of magnetic microcapsules 
The magnetic component of the electromagnetic field 
produced during edge machining was measured in 
longitudinal turning operation. The measuring component was 
a frame with a wire wound around it, which was used as a 
pendulum, crossing the magnetic field lines. During the tests, 
the oscillation period of the frame was ν = 1 c-1, its area F = 
(4.04×10-4) m2, and the number of coils N = 20. 
The study of the influence of the cutting speed on the 
magnetic induction B showed that when the cutting speed 
increases, the magnitude of B increases nonlinearly. The 
maximum values of the magnetic induction were marked at 
increased speeds. The calculated value of the electromagnetic 
force acting on MMCs with average size of 30 μm has shown 
that the electromagnetic force is 20-40 times higher than the 
force of gravity, and that is enough to put MMCs in directed 
motion. 
The study of uniformity of the magnetic field was 
performed in turning of titanium alloy Ti-6Al-4V with cutters 
of HSS M2 with  the following parameters: speed v = 50 
m/min; feed f = 0.10 mm/rev; depth of cutting ap = 0.5 mm. It 
was found out that various positions of the plane of rolling 
movement of the measuring frame produced different results. 
Such a distribution of values of EMF (electromotive force) of 
induction indicates a sharp non-uniformity of the magnetic 
field in the area of chip formation, which is caused by the 
complex geometry of the field. 
The direction of motion of MMCs was studied in static 
with the help of the magnetic field specifically induced 
between two cutters made of M2 tool steel, as well as between 
the cutter and the material being machined.  
 
 
 
 
 
 
 
 
 
 
Fig. 3. Direction of movement of Magnetic Microcapsules between two 
cutting wedges of  HSS tool with induced magnetic field for B/r =3.4 KTL/m 
It revealed in both cases that, the motion of MMCs was 
directed to the cutting edges of the cutters and oriented by 
lines of the magnetic field flowing through the circuit of 
"tool-tool" or "workpiece-tool". For comparison, Fig. 3 shows 
pictures of the behavior of ferromagnetic fluid under the same 
experimental conditions.The study of the direction of motion 
of MMCs under the real cutting conditions was carried out by 
examination of the appearance of working surfaces of the 
cutters after turning of titanium alloy Ti-6Al-4V. It was found 
that with the use of 1% suspension of MMCs, the rake and 
flank faces of the tool were covered by a layer of the polymer 
used for MMC shells subjected to thermal degradation, the 
amount of which was increasing as approaching the cutting 
edges, both on the rake and the flank faces of the tool. The 
maximum amount of polymer layer was observed near the tip 
of the tool. The use of 4% suspension of nonmagnetic MCs 
(without magnetite) under the same cutting conditions led to 
the appearance of dark fragments only on the rake face, and 
their distribution was of the random nature. 
The drift velocity of the microcapsules was determined by 
Kerr cell. To make MMCs move in the electric fields, the 
liquid carrier was additionally injected with a surfactant in 
concentration not exceeding the critical concentration for 
micelle formation. In this case, the cell contacts were 
subjected to the voltage in a range of 0-26 V. With the use of 
the static magnetic field, which intensity varied from 0 up to 
7545A/m, the system was excited by means of an 
electromagnet. 
The tests revealed that in an electric field, the drift velocity 
of MMCs does not exceed 0.67 mm/s. it was noticed that with 
the increase in concentration of surfactant, the motion speed 
of MMCs cannot only increase but also decrease to some 
extent. 
When motion of MMCs was controlled by magnetic field, 
the concentration of magnetite in their composition and the 
control current in the coils equally affected the motion speed 
of MMCs. In this case, the maximum speed of MMCs was 
more than 2 times higher than the previous speed, and it was 
at the level of 1.25-1.35 mm/s, and the motion of MMCs was 
observed already at low levels of the current. The real metal 
cutting processes are accompanied by significant values of 
temperature and pressure in the contact zone, on the one hand, 
and on the other hand, the metal cutting theory does not 
exclude the existence of low pressure areas. Besides, both 
processes always involve mutual motion of the contacting 
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surfaces. Therefore, this study considered four basic 
mechanisms to open microcapsules: 
 
 Mechanical (destruction of a shell through mechanical 
action); 
 Thermal (thermal destruction of shells); 
 Heterobaric (destruction of shells under change of external 
pressure);sc = scheme 
 Diffusion (expiration of internal phase through pores of 
microcapsule shells). 
  
When studying temperatures of thermal degradation of MC 
shells, two kinds of MCs were subjected to tests: magnetic 
and nonmagnetic MCs filled with industrial oils I-40A and 
carbon tetrachloride CCl4. The number of MCs that 
underwent thermal degradation was determined by counting 
damaged or melted MCs visibly under microscope.  
The tests showed that the composition of the internal phase 
of MCs has no effect on heat resistance of their shells. The 
inclusion of magnetite in the shells of MCs also did not 
change the temperatures of MC. The maximum temperature 
was recorded in the range of 200-225°C (Fig. 4). 
The values obtained were more than 2 times higher than the 
temperatures of thermal degradation of standard MCs. Using 
identical conditions in manufacturing of MCs and in testing 
led to the conclusion that the high temperatures of MC 
opening recorded in the tests were conditioned by selection of 
tanning substance at the phase of linking MC shells during 
their manufacturing. 
Being characterized by low thermal conductivity of 
polymer material of shell with thickness of about 3 μm and 
directional motion at a certain speed, MCs can stay for some 
time in the areas where the temperature greatly exceeds the 
temperature of their thermal destruction (as shown above). 
The calculations revealed that the change of period of MCs 
staying under elevated temperatures can be described by the 
parabolic law.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Rate of destroyed MCs as function of heating temperature: 
1-MC with СF I-40A (industrial oil); 2- MC with - CCl4 (four methylene 
carbon); 3 - MMC with CCl4 (four methylene carbon); 4 - MMC with СF I-
40A ((industrial oil); 5 – MMC with СF (Russian Pat. 1541015). 
 
 
Given the average temperatures encountered in cutting 
with high-speed cutting tools (about 600°C), the existence of 
MMCs at these temperatures (0.4-0.5 s) along with directional 
motion of MMCs, it can be argued that during their stay in the 
cutting zone with the existing technology of their feeding, 
MMCs are able to approach without degradation directly to 
cutting edges. This is experimentally confirmed by the data 
presented in Fig. 5. The behaviour of MCs under changing 
external pressure was tested in two stages: under increased 
external pressure and decreased external pressure. Under 
excessive external pressure, the tests were carried out under 
isothermal uniaxial compression. Under reduction of external 
pressure, the action of two mechanisms of de-capsulation was 
evaluated (Fig. 5).  
The tests carried out showed the conditions of beginning of 
mass destruction of MCs associated with strength 
characteristics of MC shells and revealed the role of diffusion 
processes at release of the internal phase. 
It was observed that the minimum reduction in capsule mass 
was in MMCs containing industrial oil I-40A (Fig.5, curve 1), 
and the maximum reduction in MMCs with carbon 
tetrachloride CCl4 (Fig. 5, curve 2).  
On the basis of the tests carried out, a diagram was 
developed to show expression of various mechanisms of 
degradation of MCs (Fig. 6).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Behaviour of microcapsules  under external  pressure 
 
 
 
 
  
 
 
 
 
 
 
 
 
Fig. 6. Driving mechanisms of destruction of microcapsules and 
release internal micro-doses of Cutting Fluid 
3.2. Methods and results of tests of tool wear characteristics 
with use of microcapsules 
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The characteristics of the cutting process and tool life 
under the real conditions were tested in turning and drilling in 
laboratory and industrial conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Wear resistance of HSS M2 drills with use of CF: 
1 - dry cutting; 2 - distilled water; 3 - I-40A; 4 - 1% MC; 5 - 2% MC; 6- 4% 
MC; 7- 1% MMC; 8 – 2% MMC; 9- 4% MMC 
a – Steel AISI 321 at 4.71 m/min; b – Steel AISI 321 at 6.28 m/min 
c – alloy Ti-6Al-4V, 4.71 m/min; d – alloy Ti-6Al-4V at 6.28 m/min 
e –  Steel 1045 at 4.71 m/min; f – Steel 1045 at 6.28 m/min 
Microcapsules were fed to the cutting zone as a suspension 
in distilled water by drop method. It was found that the use of 
CF MMCs with a concentration of 1-4% (Fig.7) enhances the 
effective increase of wear resistance of cutting tools not only 
compared with dry cutting, but also in use of standard water-
based CFs. 
Further increase in the number of MMCs has almost no 
noticeable effect on improving efficiency of the tools. 
The tests were carried out in turning of hard-to-machine 
titanium alloys. This is determined by the extremely low 
ductility of the alloy (high ratio of σ0.2/σb = 0.8-0.85, high 
physical and chemical activity, and very low thermal 
conductivity. This led to the formation of pseudo-flow chip, 
increased tendency to built-up edge, intense absorption of 
oxygen and atmospheric nitrogen with formation of oxide and 
nitride compounds, development of metal brittleness during 
intensive diffusion of oxygen and hydrogen in the surface 
layers of the material. The high concentration of thermal 
stresses on the contact areas of the tool led to the increased 
intensity of tool wear. 
In this study cutting carbide inserts WC10-HOM (ISO 
S10-S20) of square shapes with a tip radius of 0.8 mm were 
used. A batch of carbide inserts was divided into two groups. 
The first group was set as a control group, and carbide inserts 
of the other group were coated with nano-structured 
multilayer composite coating using Zr-ZrCrN-ZrCrAlSiN 
through the process of filtered cathodic vacuum-arc 
deposition (FCVAD) on plasma-arc station VIT-2 [16-21]. 
The machining tests were carried out in longitudinal turning 
of titanium alloy VT9 (6% - Al; 3% - Mo; 1,5% - Zr). Here, 
the cutting speed was maintained at a preset level when 
changing the diameter of the workpiece. A tool flank wear VB 
= 0.5 mm was set as limiting criteria. Fig. 8 presents the 
results of tool wear in turning. The data presented in Fig. 8 
reveal the high efficiency of machining of titanium alloy VT9 
with the use of magnetic microcapsules (MMCs) and the use  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Performance of WC10-HOM carbide inserts in longitudinal turning of 
titanium alloy VT9: 
1 - Dry turning;  2 - Using standard CF;  3 - Using magnetic microcapsules; 
4 - Coated  with Zr-ZrCrN-ZrCrAlSiN and with magnetic microcapsules 
of carbide inserts coated with the new nano-structured 
multilayer composite coating Zr-ZrCrN-ZrCrAlSiN, which 
wear resistance was 1.5-4.5 times higher compared with wear 
resistance of standard tool not only in dry turning, but also in 
machining with the use of standard CF and magnetic 
microcapsules. 
3.  Conclusion 
The possibilities of the use of CFs in a form of magnetic 
microcapsules when cutting metals and their influence on the 
processes of contact interaction in combination with nano-
structured multilayer composite coatings enhance the 
efficiency of technological machining operations. These 
applications also reduce the negative industrial impacts of 
CFs on the environment and improve the ecology of 
metalworking industries. The development of new 
compositions of environmentally friendly or soft CFs, 
embedding of methodology of their use in combination with 
high-performance cutting tools coated with nano-structured 
multilayer composite coatings form the next generation of 
machining process with high efficiency and less impact on 
enviroment.This study presented a fundamentally new process 
where magnetised micro-capsules carried efficiently micro 
amounts of cutting lubricant into the cutting zone. A five fold 
improvement in tool life was achieved in machining hard-to-
cut titanium alloy. A theoretical boundary of the performance 
of micro-capsules were derived, along with their process 
characteristics in term of temperatures and pressures acting in 
the shells. The results of a complex comparative study of the 
performance of the micro-capsules was undertaken for various 
materials, machining parameters and cutting conditions. This 
newlly developed appraoch tackles efficiently environment 
and resources issues in manufacturing in general.   
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